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a  b  s  t  r  a  c  t
The  toxicological  effects  of  pyrethroids  on non-target  aquatic  insects  are  mediated  by several  modes  of
entry  of  pyrethroids  into  aquatic  ecosystems,  as  well  as  the  toxicological  characteristics  of  particular
pyrethroids  under  ﬁeld  conditions.  Toxicokinetics,  movement  across  the integument  of aquatic  insects,
and  the  toxicodynamics  of  pyrethroids  are  discussed,  and  their  physiological,  symptomatic  and  ecolog-
ical  effects  evaluated.  The  relationship  between  pyrethroid  toxicity  and  insecticide  uptake  is not  fully
deﬁned.  Based  on laboratory  and  ﬁeld  data,  it is  likely  that  the  susceptibility  of aquatic  insects  (vector
and  non-vector)  is  related  to biochemical  and physiological  constraints  associated  with  life in aquaticeywords:
yrethroids
oxicity
quatic insects
oxicokinetics
usceptibility
ecosystems.  Understanding  factors  that inﬂuence  aquatic  insects  susceptibility  to  pyrethroids  is  critical
for the effective  and safe  use of  these  compounds  in  areas  adjacent  to  aquatic  environments.
©  2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).on-target
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Pyrethroids are insecticides with high biological activity and
ow dose application rates, characterized by low water solubility
nd strong sorptive properties, which reduce their bioavailability
∗ Corresponding authors. Tel.: +1 406 278 7707.
E-mail addresses: frank.antwi@montana.edu, fbantwi@gmail.com (F.B. Antwi),
eddy@montana.edu (G.V.P. Reddy).
ttp://dx.doi.org/10.1016/j.etap.2015.09.023
382-6689/© 2015 The Authors. Published by Elsevier B.V. This is an open access article
.0/).in natural environments (Davies, 1985). They are also relatively
photolabile (Leahey, 1985). Because of increased use of these com-
pounds, concern over their possible ecological non-target effects
has increased (Antwi and Peterson, 2009; Elliott et al., 1978; Hill,
1989; Merivee et al., 2015; Palmquist et al., 2011; Weston and Lydy,
2010). Aquatic insects are inherently susceptible to pyrethroids,
but the mechanism behind their extreme sensitivity to these com-
pounds is not completely clear (Tang and Siegfried, 1995). The
extreme toxicity of pyrethroids to aquatic organisms hinders their
wider use in agriculture (Coats et al., 1989; Mugni et al., 2013).
 under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
9 xicolo
A
e
e
h
r
c
r
c
E
1
l
t
a
1
o
p
ﬂ
o
r
i
a
d
i
d
s
(
i
2
c
t
ﬁ
c
s
i
e
c
d
t
ﬁ
w
o
m
t
w
l
w
(
i
C
t
v
1
s
p
a
i
r
(16 F.B. Antwi, G.V.P. Reddy / Environmental To
quatic insects are highly sensitive to insecticide poisoning from
ven extremely low concentrations (often less than 1 ppb) (Coats
t al., 1989; Anderson, 1982, 1989; Mian and Mulla, 1992). The
igh acute toxicity of pyrethroids to aquatic invertebrates and ﬁsh
estricts their use in areas near aquatic habitats and has raised
oncerns over the registration of new pyrethoids by the U. S. Envi-
onmental Protection Agency (Anonymous, 1990).
Aquatic organisms are exposed to toxicants dissolved in water or
ompounds bound to food, particulate or dissolved organic matter.
ven though most contamination sources are from runoff (Khan,
983) or aerial drift (Crossland, 1982), pyrethroid contamination
evels in surface water in general are within the range that produces
oxic effects in aquatic invertebrates (McLeese et al., 1980; Stehle
nd Schulz, 2015; Weston and Lydy, 2010; Zitko et al., 1977,
979). In the aquatic environment, a large number of non-target
rganisms (including predators of pests) are mixed with target
ests and disease vectors (such as mosquitoes, midges, and black
ies).
Toxicological tests on aquatic organisms are limited by a lack
f information on the toxicant concentration at the biological
esponse end point in question (Friant and Henry, 1985), and it
s therefore difﬁcult to estimate the dose to which the animal is
ctually exposed. In view of the problems in determining the lethal
ose for particular insecticides to aquatic insects and of standardiz-
ng bioassay conditions, it is difﬁcult to compare tests results from
ifferent laboratories. Moreover, different aquatic insects vary con-
iderably in their response to insecticides in static exposure tests
Anderson, 1989). Here, we summarize the available data on the
mpacts of pyrethroids on non-target aquatic insects.
. Ecological effects
The understanding of physical, chemical, and physiological pro-
esses, including the toxicity of mixtures, varying bioavailability,
he impact of intermittent exposures and chemical residues in
eld-collected organisms are critical in addressing aquatic toxi-
ity problems. Spray-drift or run-off may  cause minor effects on
ome aquatic organisms (Hill, 1989; Weston et al., 2011). Accord-
ng to Hill (1989), for realistic ﬁeld studies with pyrethroids the
ffects are mostly transient, and they are not likely to cause adverse
hanges in aquatic ecosystems with respect to population or pro-
uctivity.
Esfenvalerate sprayed directly on water boatmen (Corixidae) in
he laboratory at low levels intended to simulate spray drift from
eld applications caused observable effects (knockdown) at doses
ell below the lowest recommended ﬁeld dose. Moreover, the use
f formulated product was  more toxic than the technical grade
aterial, suggesting that the additives, like surfactants, increased
he toxicity (Samsoe-Petersen et al., 2001). These ﬁndings correlate
ell with the results of several pond studies in which dead, surface-
iving beetles were collected after pyrethroids were applied to the
ater surface (Crossland, 1982) or injected into the water column
Woin, 1998) to assess biological effects.
Picket® (a permethrin product) was found to cause a signif-
cant drop in larval densities and emergence of adult midges,
hironomus riparius (Meigen) (Diptera: Chironomidae) in ponds
reated at >10 g/L. Older larvae (third and fourth instars) sur-
ived to emergence, but younger larvae did not (Conrad et al.,
999). The recovery of midge population levels observed in this
tudy may  be owing to the short life cycle of midges, the close
roximity of the study site to untreated ponds that likely acted
s sources of midge adults and the reduction of permethrin toxic-
ty within the pond ecosystems as a result of rapid degradation or
eduction in bioavailability from the water column. Conrad et al.
1999) observed that emergence of adult midges from treatedgy and Pharmacology 40 (2015) 915–923
ponds resumed within four weeks and that emergence levels were
comparable to that in the control pond within two months, a ﬁnd-
ing consistent with the work of Mulla et al. (1982), who found
that synthetic pyrethroids caused 50–100% mortality of non-target
arthropods in experimental ﬁeld ponds and that recovery to pre-
treatment levels took place within 2–4 weeks after treatment.
Similarly, permethrin applications to lakes, streams and ponds
affected aquatic insect populations (Ephemeroptera and Odonata)
for only brief periods, with recovery occurring a few weeks to
a few months after treatment (Mian and Mulla, 1992). Based on
intrinsic sensitivity, biological traits, mode of action, and on inver-
tebrate vulnerability index rankings Ephemeroptera, Plecoptera,
Tricoptera, and Odonata genera were potentially most vulnera-
ble to pyrethroids in aquatic ecosystems (Rico and Van den Brink,
2015). Prior studies also support this pattern of the impact of syn-
thetic pyrethroids on aquatic insects (Leahey, 1985; Smith and
Stratton, 1986; Hill, 1989; Coats et al., 1989; Mian and Mulla,
1992).
The study by Kingsbury and Kreutzweiser (1980), stated that
the diet of brook trout ﬁsh (Salvelinus fontinalis (Mitchill) (Salmoni-
formes: Salmonidae) was made up of 75% total volume of aquatic
insects before permethrin application. Just after spraying per-
methrin (8.8, 17.5, 35.0, and 70.0 g a.i./ha) to streams the trout
consumed large numbers of mayﬂies, stoneﬂies, and caddisﬂies and
that this demonstrates the utilization of post spray drift organisms
(Kingsbury and Kreutzweiser, 1980). According to Kingsbury and
Kreutzweiser (1980) after 11 and 58 days post treatment more
than 80% of the trout feeding was mainly on terrestrial arthro-
pods for its diet with the use of chironomid larvae and other
aquatic invertebrates accounting for the rest. Moreover this feed-
ing trend continued at the end of the season after 112 days post
treatment indicating continued dependence on terrestrial arthro-
pods. Brook trout and slimy sculpins (Cottus cognatus (Richardson)
Scorpaeniformes: Cottidae) utilize alternate food sources when
aquatic insects became unavailable (Kingsbury and Kreutzweiser,
1980). These series of ﬁeld trials carried out in Canada to examine
the side-effects of aerial application of permethrin used to con-
trol forests pests also found that two  applications at 17.5 g a.i./ha
resulted in substantial reductions of invertebrate (ephemeroptera,
heptagenidae, plecoptera, and chironomid) populations (Kingsbury
and Kreutzweiser, 1980). Recovery in some invertebrate abundance
began six weeks after the second treatment. Measured perme-
thrin residue levels never exceeded 2.6 g/L in the treated streams
and ponds, and were below 0.25 g/L two  days after treatment.
The ability of an aquatic ecosystem to recover from insecticide
contamination is affected by many factors, including the insec-
ticide’s persistence, bioavailability, the life-history attributes of
the affected organisms and the proximity of recolonization sites
(Fairchild et al., 1992).
Mathias and Schulz (1996) observed that larvae, pupae, and
adults of the caddisﬂy Limnephilus lunatus Curtis (Trichoptera:
Limnephilidae) exposed to pyrethroids showed decreased sur-
vival with increasing pesticide concentration, while emergence was
reduced and delayed. The acute toxicity (LC5O) of fenvalerate for L.
lunatus over a 24-h observation period after a one hour exposure
was 22.6 g/L, reﬂecting the fact that pyrethroids break down much
more slowly in ﬁsh and aquatic insects than in warm blooded ver-
tebrates (Coats et al., 1989). Direct lethal effects of acute pyrethroid
contamination mostly appear immediately after exposure, and
chronic elevated lethality following short term contamination is
relatively slight. Insects possess a relatively low capacity for the
hydrolysis of both cis and trans-pyrethroids and, consequently,
the toxicity of both groups of isomers is high. However, com-
paring the toxicity of different pyrethroids is complicated due to
differences in species, sex, and application methods employed by
studies.
F.B. Antwi, G.V.P. Reddy / Environmental Toxicology and Pharmacology 40 (2015) 915–923 917
Fig. 1. A conceptual model of mode of entry of insecticide adapted from USEPA (2015).
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m. Modes of entry of pyrethroids into aquatic ecosystems
Insecticides enter the environment both directly and indirectly
Fig. 1). Insecticide application for control of pests in agricul-
ure, horticulture, and silviculture (DeBoo, 1980; Herve, 1985) or
ontrol of public health pests and disease vectors (Elliott et al.,
978; Mulla et al., 1978, 1979, 1980, 1981; Baldry et al., 1981)
re a direct source of contamination. Cypermethrin, deltamethrin,
enpropathrin, fenvalerate, and permethrin have all been used
or control of mosquito larvae (Mulla et al., 1978, 1982), and
eltamethrin and permethrin for black ﬂy control (Muirhead-
hompson, 1977, 1978, 1981a,b; Mohsen and Mulla, 1981; Bellec
t al., 1983). In a spruce forest ecosystem in Canada where per-
ethrin was applied to control spruce budworm, Choristoneura
umiferana (Clemens) (Lepidoptera: Totricidae), streams and ponds
ere directly exposed to aerial application of the insecticide
DeBoo, 1980). Irrigation water in canals, ditches, and streams
round agricultural ﬁelds can receive direct spray deposits of cyper-
ethrin, deltamethrin, and permethrin from aerial applicationsused to control cotton pests (Davis et al., 1977; Ruscoe, 1979; Herve,
1985).
Pesticides can also enter aquatic systems indirectly, through
wind, water, or feed (Westlake and Gunther, 1966). Wind-
borne residues (“pesticide drift”) and transport of pyrethroid-
contaminated sediment through wind or water soil erosion also
move chemicals away from application sites. Agricultural ponds
are among the aquatic habitats most likely to be exposed to pesti-
cides through spray drift or surface runoff. Water bodies adjacent
to cotton, potatoes, sugar beets, and vineyards have been found
in ﬁeld trials to be contaminated by cypemethrin and permethrin
(Crossland et al., 1982). Transport of pyrethroids and their residues
in runoff depends to a great extent on the solubility of the com-
pound in water, as well as the distance between the point of
application and the receiving aquatic habitat. Pyrethroid residues
are more readily bioavailable if suspended in water than when
they are adsorbed on particulates, resulting in a higher residue
uptake by aquatic organisms from water than from food alone (Hill,
1985).
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. Pyrethroid toxicity
.1. Laboratory studies
Several predaceous and non-target aquatic hexapods have
hown similar level of sensitivity to pyrethroids as mosquito larvae
Table 1), including several mayﬂies (Baetis spp., Cloeon dipterum.,
phemerella spp., and Hexagenia spp.), a stoneﬂy (Pteronarcys dor-
ata), a gyrinid beetle (Gyrinus natator), caddisﬂies (Brachycentrus
mericanus and Hydropsyche spp.) and a dipteran snipeﬂy, (Antherix
p.) (Mian and Mulla, 1992). In contrast, the corixid Hemipteran
orixa punctata and notonectid Hemipteran Notonecta undulata also
ave lower sensitivity to some of the pyrethroids (Mian and Mulla,
992).
Pyrethroids dissolved in interstitial water in sediments is
nother way that benthic invertebrates such as chironomid
idges are exposed to pyrethroids. Muir et al. (1985) found
hat Chironomus tentans Fabricious (Diptera: Chironomidae) larvae
io-concentrated cis and trans-cypermethrin, deltamethrin, fen-
alerate, and cis and trans-permethrin from sand, silt, and clay
ediments, as well as from water/sediment suspensions. Details
f the test environment affect risk: when larvae of C. tetans were
xposed for 24 h in sediment or 48 hours in water above dif-
erent sediments to 12–640 ng/g of C14-labeled cypermethrin or
–10 ng/g of three other pyrethroids, larvae in water above sand
ccumulated 5–15 fold more of each pyrethroid than did larvae
eld in water above silt or clay sediments. The lower availabil-
ty of these compounds in the water above silt or clay (compared
o water above sand) was attributed to a greater adsorption of
esidues by suspended particulates from silt or clay. The data
evealed further that the larvae showed no adverse changes in their
ehavior when exposed to sediments containing 5 ng/g of each
yrethroid, but at 10 ng/g midge larvae were immobilized. How-
ver, a majority of them survived if transferred to pyrethroid-free
ater.
While various studies (Mugni et al., 2013; Diao et al., 2011;
aha and Kaviraj, 2008; Stephenson, 1982) suggest there is a poten-
ial risk from pyrethroids to aquatic invertebrates, these laboratory
ests were carried out in a combination of static, ﬂowing or inter-
ittent ﬂow systems. Depending on the physical and chemical
roperties of the pyrethroid, and the life stage, body size, and
eight of exposed organisms, a test organism in a static water
ystem might be exposed to pesticide concentrations for a longer
eriod of time than in intermittent ﬂow and ﬂow-through systems.
herefore it is likely better to study the impact of pyrethroids under
eld conditions.
.2. Field studies
In ﬁeld studies aquatic insects have been observed to exhibit
ecovery within 6 months. The longer recovery times has been
ttributed to increased generation times, and restricted recoloniza-
ion potential (Fairchild et al., 1992). Miura and Takahashi (1976)
ound that fenvelerate, applied at a rate of 28 g/ha, caused slight
ortality in corixids, notonectids, dytiscids and hydrophilid bee-
le populations, as shown by dead organisms collected in treated
onds. However, there were no signiﬁcant differences between
he numbers of non-target insects trapped in treated and con-
rol ponds during the four days following the treatment. Mulla
t al. (1969, 1972, 1980, 1982) found Ephemeroptera (mayﬂies) to
e the most sensitive group, with affected populations decreasing
y 50–100%. However, recovery to pretreatment or control levels
ccurred within 2–4 weeks after treatment, suggesting extensive
igration of such insects and low persistence of these compounds
n aquatic mesocosms at the applied rates. The new insects had to
ave come from elsewhere in such a short period, unless there wasgy and Pharmacology 40 (2015) 915–923
an invulnerable lifetable present at the site. Cypermethrin at a rate
of 100 g (a.i.)/ha caused 50% mortality in mayﬂies, with some tox-
icity to aquatic coleopterans and hemipterans (Smies et al., 1980;
Speilberger et al., 1979) and had no adverse effects on odonates, tri-
chopterans, or dipterans. Everts et al. (1983) studied the effects of
deltamethrin and permethrin in West African rivers. Deltamethrin
applied at 12.5 g/ha in the riverine forest near Bouaﬂe in Ivory
Coast caused signiﬁcant reductions in densities of Ephemeroptera
(80–100%), and Trichoptera (26%). Permethrin had effects on
shrimps (Caridina africana Kingsley (Decapoda: Atyidae) and Mac-
robrachium vollenhovenii (Herklots) (Decapoda: Palaemonidae) and
aquatic insects that were similar to deltamethrin. However, recov-
ery of most populations in the deltamethrin-contaminated water
of River Marahoue in Ivory Coast was noticed within six months
after pesticide application.
Ponds adjacent to cotton ﬁelds have frequently been contam-
inated following applications of permethrin and cypermethrin to
cotton ﬁelds from a ﬁxed wing aircraft, and follow up studies
suggest that the most sensitive organisms were Ephemeroptera,
Odonata, Hemiptera (gerrids and notonectids), and Coleoptera
(gyrinids) (Crossland, 1982; Hill, 1985). Drift of permethrin from
such agricultural applications caused 100% mortality in populations
of the affected organisms with some recovery occurring after six
months, while cypermethrin caused less mortality and was  asso-
ciated with a shorter recovery period. In trout streams in forest
areas in parts of Canada, Ephemeroptera and Trichoptera were the
groups most sensitive to permethrin (Kingsbury and Kreutzweiser,
1980).
5. Toxicokinetics
Siegfried (1993) compared the acute toxicity, to aquatic (black
ﬂy Simulium vitattum, caddisﬂy Hydropsyche and Cheumatopsy-
che spp., mayﬂy Heptagenidae, damselﬂy Enellagma and Ishnura
spp., and water scavenger beetle Hydrophilus spp.) and terrestrial
insects (European corn borer Ostrinia nubilalis (Hubner), houseﬂy
Musca domestica L., and Convergent lady beetle Hippodamia con-
vergens Guerin-Meneville), of pyrethroids and organophosphates
applied by either topical application or static exposure to aque-
ous solutions, and found that aquatic insects were inherently more
susceptible to these chemicals than terrestrial insects. The author
notes, however, that the relationship between LC50 determined by
static exposure and the amount of insecticide uptake is unknown
and that the toxicity data obtained by topical application is prob-
ably irrelevant to natural exposure conditions. In an attempt to
clarify the relationship between dose and exposure, the uptake of
insecticide by aqueous exposure at the LC50 was  determined for
permethrin and chlorpyrifos (Tang and Siegfried, 1995). The total
uptake for both insecticides expressed as (ng/mg body weight) was
less than LD50 (ng/mg body weight) obtained by topical applica-
tion. These authors were unable to directly compare the uptake of
the two  insecticides, as the rate of uptake was dependent on con-
centration, which varied with the LC50 for each insect taxon. They
were therefore of the view that the role of insecticide uptake from
aqueous solutions in determining insecticide toxicity was uncertain
(Tang and Siegfried, 1995).
Indeed, uptake and bio-concentration were generally not cor-
related with susceptibility, as some of the more tolerant insects
were also those that exhibited the highest concentration. According
to Siegfried (1993), the discrepancy between uptake and toxic-
ity is due to the fact that the chlorpyrifos uptake rate exceeded
permethrin uptake in most taxa despite the fact that permethrin
is consistently more toxic than chlorpyrifos. Tang and Siegfried
(1995) suggested, therefore, that factors other than the uptake of
insecticides from aqueous solutions are responsible for the toxicity
of insecticides. The rate of uptake varied considerably among the
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Table  1
Acute toxicity of pyrethroids to aquatic insects.
Taxon Order Organism Stage/size Test
conditiona
Pyrethroid Toxicity
parameter
Toxicity
(g a.i./L)
Footnote
referencesb
Insecta Ephemeroptera Baetis parvus (Dodds) Larvae F Deltamethrin 24-h LC50 0.4 5
Baetis  rhodani (Pictet) Larvae F Cypermethrin
Permethrin
96-h LC50
96-h LC50
24-h LC90–95
(1 h exposure)
6.0c
12.0c
1.0
3, 6, 11
3, 6, 11
6
Cloeon  dipterum (L.) 5 mm
Early Instar
S
S
Cypermethrin
Permethrin
24-h EC50
24-h LC50
72-h EC50
0.07
0.60
0.03
1, 3
1, 3
1, 3
Ephemerella sp. Early Instar F Fenvalerate 24-h EC50
48-h EC50
796-h LC50
0.31
0.07
0.93
1, 3
1, 3
1, 3
Hexagenia bilineata (Say)
Hexagenia rigida
(McDunnough)
Nymphs F
-
Permethrin
Permethrin
96-h LC50
6-h LC50
0.1
0.6–2.0
6
2
Plecoptera Pteronarcys dorsata (Say) F
F
Fenvalerate
Permethrin
72-h EC50
72-h LC50
72-h EC50
72-h LC50
28-d LC30
0.13
>1.0
0.15
>0.40
0.04
1
1
1
1
1, 3
Hemiptera Corixa punctata (Illiger)
Notonecta undulata (Say)
Adults
Adults
S
S
Permethrin
Allethrin
Dimethrin
Tetramethrin
Resmethrin
Bioresmethrin
24-h EC50
24-h LC50
48-h LC50
48-h LC50
48-h LC50
48-h LC50
48-h LC50
0.7
>5.0
29.0
0.1c,d
33.8d
1.9d
1.2d
1, 3
1, 3
4
4
4
4
4
Hemiptera Corixa punctata (Illiger)
Notonecta undulata (Say)
Adults
Adults
S
S
Permethrin
Allethrin
Dimethrin
Tetramethrin
Resmethrin
Bioresmethrin
24-h EC50
24-h LC50
48-h LC50
48-h LC50
48-h LC50
48-h LC50
48-h LC50
0.7
>5.0
29.0
0.1c,d
33.8d
1.9d
1.2d
1, 3
1, 3
4
4, 11
4, 11
4, 11
4, 11
Coleoptera Gyrinus natator (Portevin) Adults S Cypermethrin 24-h EC50
24-h LC50
0.07
0.6
1, 3
1, 3
Trichoptera Brachycentrus americanus
(Banks)
Brachycentrus subnubilis
(Curtis)
Hydropsyche californica
(Banks)
Hydropsyche californica
(Banks)
Larvae
Larvae
F
F
IF
Permethrin
Permethrin
Deltamethrin
Permethrin
96-h EC50
96-h LC50
24-h EC90–95
(1-h exposure)
24-h LC50
24-h EC90–95
(1-h exposure)
0.4
>0.5
1.0
0.4
0.1
1
1
6
5
6
Diptera Antherix sp.
Culex/Aedes spp.e
Simulium spp.e
Larvae
Larvae
Pupae
Larvae
F
S
1F
Fenvalerate
Cypermethrin
Deltamethrin
Fenvalerate
Permethrin
Cypermethrin
Deltamethrin
Fenvalerate
Permethrin
Deltamethrin
Deltamethrin
Permethrin
3-d LC50
7-d LC50
14-d LC50
28-d LC50
24-h LC50
24-h LC50
24-h LC50
24-h LC50
24-h LC50
24-h LC50
24-h LC50
24-h LC50
24-h LC50
24-h LC50
(1-h exposure)
24-h LC50
(1-h exposure)
0.60
0.12
0.07
0.03
0.07–1.0
0.02–0.4
0.9–2.8
0.5–3.0
0.40
0.07–0.6
1.2–5.3
0.7–6.0
0.02
0.10
1.0
1
1
1
1
7, 8, 9
7, 8, 9
7, 8, 9
7, 8, 9
7, 8, 9
7, 8, 9
7, 8, 9
7, 8, 9
5
10
6
a F, ﬂow-through system; IF, intermittent ﬂow system, S, static.
b 1. Anderson (1982), 2. Friesen et al. (1983), 3. Hill (1985), 4. Mills et al. (1969), 5. Mohsen and Mulla (1981), 6. Muirhead-Thompson (1978), 7. Mulla et al. (1978), 8. Mulla
et  al. (1980), 9. Mulla et al. (1982), 10. Muirhead-Thompson (1981a), and 11. Mian and Mulla (1992).
i
a
t
tc Emulsiﬁable concentrate (EC) material.
d LC50 was  determined from dosage-mortality data (Mian and Mulla, 1992).
e Target pest species.nsects tested, and the highest rates were observed for caddisﬂies
nd black ﬂies. Estimates of the elimination half-life of these insec-
icides reﬂect accumulation in the target site(s) of target action and
he dynamics of the toxicological responses as well as variabilityfrom variety of sources. Pharmacokinetic models are well accepted
for quantifying bio-concentration in aquatic organisms, but their
use in aquatic toxicology testing is limited by the lack of informa-
tion on the body toxicant concentration at the biological response
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nd point in question (Mancini, 1983; Connolly, 1985; Friant and
enry, 1985; Lassiter, 1986).
. Movement across integument
In any ecosystem insecticide concentrations will induce some
esponse in populations of some animals or plant species. The dif-
erence in response between any two species is a measure of the
electivity of the insecticidal action in relation to those species
Winteringham, 1969). Factors such as differences in exposure or
ehavior of the fauna, and differences in physiological sensitivity
fter contact between the organism and insecticide account for this
electivity (Winteringham, 1969). Insecticide selectivity depends
n the insect’s relatively high surface to volume ratio because of
ts small size and complexity of appendages, and the high acces-
ibility of the insect central nervous system to contact lipophilic
nsecticides.
Pyrethroid concentration at the primary site of action is inﬂu-
nced by many factors after topical application (Fig. 2). These
ncludes penetration, distribution, selective accumulation in insect
issues, biotransformation, and excretion (Brooks, 1976; Kasai et al.,
014; Lin et al., 2012; Narahashi, 1971b; O’Brien, 1967; Tak and
sman, 2015). The pyrethroids which are lipophilic dissolve in the
uter wax layer and partition into the inner polar layers of the
uticle. Penetration of the cuticle by pyrethroids takes place due
o the network of the wax  canals which penetrates the cuticle,
hrough intersegmental areas or lipohilic tracheal lining accessed
hrough the spiracles (Noble-Nesbitt, 1970). There are conﬂicting
iew points as to how insecticides arrive at their target following
he studies by Gerolt (Gerolt, 1969, 1970). These are penetration
hrough the cuticle and transport by the hemolymph as one view-
oint, and the other viewpoint is lateral transport in the cuticular
ax layer and tracheal lining followed by penetration through the
lial cells into the central nervous system.
Tang and Siegfried (1996), in tracking insecticide exposure for
quatic insects, separated movement across the insect integument
rom ingested insecticide. Initial rapid uptake seems to be due to the
ovement of the insecticide solution across the lipophilic exocu-
icle. The subsequent movement is due to the steady-state inward
iffusion through more polar layers of the integument. The rapid
nitial movement of insecticide into the exocuticle results in sat-
ration of the outermost layer so that further uptake is governed
y the movement of the insecticide across the more polar, inner
ayers of integument. In the view of Tang and Siegfried (1996),
he uptake of insecticides by aquatic insects cannot be predicted
imply by the lipophilic nature of the compound, and they suggest
nstead that insecticide toxicity to aquatic insects is dependent on
actors other than high rates of uptake from aqueous solutions, and
hat differences in toxicity between insecticides are independent of
ptake rate. In an earlier studies Siegfried (1993) compared acute
oxicities of permethrin, cypermethrin, bifenthrin, and chlorpyri-
os by topical and static exposure to a variety of terrestrial and
quatic insects. The author observed that mayﬂies and damselﬂies
ere the most susceptible taxa and that aquatic insects on a dose
er body weight were generally more susceptible than terrestrial
nsects.
. Toxicodynamics
.1. Biochemical effectsThe greater sensitivity of aquatic compared to terrestrial insects
o pyrethroids may  not directly relate to greater uptake or deﬁ-
iencies in metabolism, as some aquatic insects are known to
ave well developed detoxiﬁcation enzyme systems (Siegfried andgy and Pharmacology 40 (2015) 915–923
Young, 1993). Rather, the greater sensitivity of aquatic insects may
be caused by greater sensitivity of physiological sites in aquatic
insects. The mode of action of pyrethroids is believed to involve
the disruption of the axonal transmission of nerve impulses as a
result of altering ion permeability (Clark and Matsumura, 1982).
Since freshwater aquatic organisms live in an extremely dilute
environment, the processes involved in maintaining ionic balance
and osmoregulation are critical to maintenance of homeostasis
(Schmidt-Nielsen, 1997). Maintenance of high cellular concentra-
tions of ions against a concentration gradient is regulated by active
transport. An insect’s ability to maintain ionic balance in water
may be affected by exposure to pyrethroids, thereby making them
more susceptible. Such effects have also been reported for ﬁsh, in
which species exposure to pyrethroids disrupts respiratory sur-
faces and ion regulation (Bradbury and Coats, 1989; Dyer et al.,
1989; Symonik et al., 1989). Such effects may  generally contribute
to the higher sensitivity of aquatic insects and other aquatic orga-
nisms.
Pyrethroids have also been shown to inhibit ATPases associ-
ated with active transport (Gray and Soderlund, 1985), and may
affect ion movement and osmoregulation. Two types of Ca2+ stimu-
lated ATPase activities have been recognized. One is Ca+Mg-ATPase
which is temperature and aging sensitive and requires the simul-
taneous presence of Mg2+ and K+ for optimal Ca2+ stimulation. The
second is Ca-ATPase, which is comparatively temperature insensi-
tive, stable and resistant to aging, and requires the presence of Na+
and K+ but not Mg2+ (Matsumura and Clark, 1980).
Two groups of pyrethroids have been recognized: (1) pyrethrin
and allethrin, “natural type” compounds (Elliott et al., 1973)
that preferentially affect Ca-ATPase activity and (2) synthetic
pyrethroids such as cypermethrin and deltamethrin that preferen-
tially inhibit Ca+Mg-ATPase activity (Matsumura and Clark, 1982).
The differences, however, may  not be due simply to the presence
of an -cyano moiety, as has been postulated (Matsumura and
Clark, 1982). Permethrin, for example, lacks this moiety but still
exhibits strong inhibition of Ca+Mg-ATPase activity (Matsumura
and Clark, 1982). Nishimura and Narahashi (1978)’s work on
crayﬁsh nerves found that pyrethrin-type compounds induce
an immediate excitation that correlates with the compound’s
insecticidal properties, while pyrethroids do not induce imme-
diate excitation and their insecticidal activities are not directly
related to nerve excitation. Vijverberg and van den Bercken (1979)
observed that unlike natural pyrethrins, pyrethroids (e.g., cyperme-
thrin and deltamethrin) do not induce the “repetitive discharges”
that are characteristic of DDT and pyrethrin insecticides. Rather,
pyrethroids suppress the peaks of activity, and that suppression
increases with increased stimulation. Hence, the highly modiﬁed
pyrethroids have different mode of action from the natural-type
pyrethrins.
The function of Ca+Mg-ATPase is in the sarcoplasmic reticulum
of muscle, where it functions to pump Ca2+ against a concen-
tration gradient from the intracellular medium into the lumen
of the reticulum. Studies with mammalian brain synaptosomes
(Blaustein et al., 1978) found ATP-utilizing systems to be active in
the endoplasmic reticulum of the presynaptic region, transporting
intracellular Ca2+ into this reticulum (McGraw et al., 1980). This
process is believed to help these cells regulate intracellular free
Ca2+ levels, leading to an increase in neurotransmitter release as
has been shown in heptachlor epoxide poisoning (Yamaguchi et al.,
1980).
7.2. Physiological effectsThe acute mode of action of pyrethroids is a function of
their neuroactivity. Pyrethroids generally act directly on the ner-
vous system, disrupting the normal ion permeability of the nerve
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sig. 2. A model of biochemical and physiological factors inﬂuencing the toxicity of a
actors  on the right represent physical barriers, and other rate limiting steps in the i
mount in the tissues.
embrane responsible for the generation and conduction of nerve
mpulses (Wang et al., 1972). Narahashi (1976a,b) determined that
he permeability of membranes to sodium (Na+) and to a lesser
xtent potassium (K+) ion is affected by pyrethroids. Pyrethroids
elay the closing of nerve membrane sodium channels, which
ay  lead to repetitive discharges or to the blockage of nerve
onduction (Narahashi, 1979; Vijverberg and van den Bercken,
982). The -cyano pyrethroids (e.g., cypermethrin) appear to dif-
er from non-cyano compounds (e.g., permethrin) in their effects.
erve excitation by pyrethroids has been examined with giant
xons of cockroaches, crayﬁsh, and squid (Narahashi, 1971a,b,
976a,b). Allethrin causes an increased negative after-potential
nd repetitive ﬁring following electrical stimulation of cockroach
reparations, but only above 26 ◦C (Wang et al., 1972; Narahashi,
962a,b) as the toxicity of pyrethroids increases.
Voltage clamp studies using giant axons of squid show that
llethrin shifts the sodium activation curve in the direction of
epolarization (Narahashi and Anderson, 1967) and the sodium
nactivation curve in the direction of hyperpolarization (Wang et al.,
972). One or both of these effects could account for the pro-
ongation of the transient sodium conductance increase, and are
robably also responsible for repetitive ﬁring and nerve blockage.
yrethroids are believed to increase the frequency of appearance of
iniature end plate potentials that represent the action of individ-
al packets of neurotransmitters released from a synaptic vesicle
y exocytotic action at the presynaptic release site in a malaria
osquito vector Anopheles stephensi (Omer et al., 1980). The neuro
ecretory cells (NSCs) present on the protocerebral regions of A.
tephensi were affected by exposure to cyﬂuthrin through thecticide applied externally. Adapted from Winteringham (1969) and Brooks (1976).
ation process. Factors on the left represent processes that reduce effective toxicant
endocrine mechanism, in particular the ommatidum (Basker et al.,
1999).
7.3. Symptoms
Pyrethroid poisoning symptoms in mammals and terrestrial
insects has led to the classiﬁcation of poisonings as Type I (or T)
and Type II (or CS) syndromes (Verschoyle and Aldridge, 1980;
Gammon et al., 1981, 1982; Lawrence and Cassida, 1982). Type
I effects in mammals (rats and mice) include aggressive sparring
behavior, increased sensitivity to external stimuli, ﬁne tremors,
prostration, coarse body tremors and increased body temperature.
Non-alpha cyano pyrethroids generally elicit Type I symptoms.
The symptoms of Type II responses include chewing, profuse sali-
vation, pawing and burrowing, coarse body tremors, increased
startle response, abnormal locomotion of the hind limbs, sinu-
ous writhing (chloreoathethosis) and clonic and tonic seizures.
Pyrethroids causing Type II symptoms generally contain an S--
cyano-3-phenoxybenzyl alcohol moiety. In coakcroaches, Type I
symptoms include restlessness, incoordination, prostration and
paralysis, whereas Type II symptoms include incoordination, con-
vulsions and intense hyperactivity.
8. Summary and conclusionPyrethroid insecticides are a potent group of chemicals used to
control insect pests in agricultural and aquatic systems. The mode
of entry of pyrethroids into aquatic habitats is both direct and indi-
rect. Direct sources include purposeful applications of pyrethroids
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n vector control as well as agricultural and silvicultural pest con-
rol programs. Indirect means through which water bodies could be
ontaminated with pyrethroid residues include spray drift, runoff
nd erosion. In ﬁeld studies, the non-target aquatic groups most
ffected were the Ephemeroptera, Plecoptera, Odonata, Hemiptera,
oleoptera and Trichoptera. The population of affected organisms,
owever, generally recovered to pretreatment levels within weeks
o months after application. The transient effects of pyrethroids
n some non-target species will have a short-term impact on the
ensities and feeding behavior of some dependent carnivorous ﬁsh
pecies in aquatic ecosystems. Fish species like brook trout and
limy sculpins utilize alternate food sources when aquatic insects
ecame unavailable. The susceptibility of aquatic insects may  be
elated to the biochemical and physiological constraints associated
ith aquatic life. Pesticide bioassays require standardization to
llow for more meaningful comparisons between studies. Further
nderstanding of the processes that inﬂuence the susceptibility of
quatic organisms to pyrethroid insecticides is critical for the effec-
ive and safe use of these compounds in areas adjacent to aquatic
nvironments.
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